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1. Modified PIM-1 polycondensation synthesis 
 
Monomer reagents were purified before use, and stored under a nitrogen atmosphere prior to synthesis 
reaction to exclude moisture. 5,5’,6,6’-tetrahydroxy-3,3,3’,3’-tetramethyl-1,1-spirobisindane, (TTSBI) 
97+ %; was purchased from Alfa Aesar and recrystallized from methanol (HPLC grade, Merck, as 
received) and vacuum dried at 90 °C.  Tetrafluoroterephthalonitrile, (TFTPN) 99 %; from Sigma Aldrich 
was sublimated under vacuum at 150 °C and vacuum dried overnight at 90 °C. Anhydrous potassium 
carbonate, (K2CO3 >99 %, AnalaR) was vacuum dried at 90 °C. Synthesis solvents, Dimethylacetamide 
(DMAc >99 %, Acros Organics) and carbon disulfide CS2 >99 %, Scharlau), were distilled and stored 
over molecular sieves under inert atmosphere prior to use. 
 
The synthesis of PIM-1 polymer is based on a rapid polycondensation reaction of TFTPN (12.5 mmol) 
and TTSBI (12.7 mmol) in the presence of excess K2CO3 (38.8 mmol), however a previously unreported 
solvent mixture of DMAc (25 mL) and CS2 (12.5 mL) was used.S1-3  The reaction mixture (under inert 
atmosphere) was refluxed using a dean stark trap at 165 °C. Precipitation of an orange solid occurred 
within the first 5 minutes, however the reaction was continued for an hour to ensure high conversion of 
oligomers to polymer. The oligomer solution product fraction was decanted to separate from the solid 
polymer fraction, before dissolution in chloroform and recrystallization from methanol.  
 
 
2. NMR 
 
NMR spectra (13C and 1H) of the PIM-1 used in this study were recorded using a Bruker Av500 and 
Bruker Av400X, respectively. Comparison of these spectra to that of our previous work and those 
previously reported,S3 confirm the synthesis solvent mixture used did not cause any reaction by-products.  
 
 
Figure S1: 13C NMR spectra of the PIM-1 polymer (solid state) 
ESI – Post-synthetic Ti Exchanged UiO-66 Metal-Organic Frameworks that Deliver Exceptional Gas Permeability in 
Mixed Matrix Membranes 	  
	   	   3	  
 
 
Figure S2: 1H NMR spectra of the PIM-1 polymer (dissolved in deuterated chloroform, CDCL3) 
3. FTIR 
 
Fourier-Transform Infrared (FTIR) spectroscopy was undertaken with a Thermo Scientific NICOLET 
6700 FT-IR on the product PIM-1 polymer, the synthesis reactants, and the range of TixUiO-66 used in 
the study. Polymer purity was confirmed by the absence of Characteristic high intensity K2CO3 peaks in 
the PIM-1 spectra (Figures S3-S6). 
 
Figure S3: FTIR Spectra of PIM-1 polymer  
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 Figure S4: FTIR Spectra of Tetrafluoroterephthalonitrile (TFTPN)  	  
 
 
Figure S5: FTIR Spectra of 5,5’,6,6’-tetrahydroxy-3,3,3’,3’-tetramethyl-1,1-spirobisindane (TTSBI).   
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Figure S6: FTIR Spectra of anhydrous potassium carbonate (K2CO3).   
 
FTIR spectra of the prepared TixUiO-66 MOFs (Figures S8-S11) are nearly identical, but differ 
significantly from that of the native UiO-66 (Figure S7), suggesting Ti exchange had significant effects on 
the bonding conditions within MOF structure. As observed in previous studies,S4, S5 extended exchange 
periods have only minor further effects on metal and ligand exchange. The decrease in peaks at 1655 cm-1 
and 2929 cm-1, are associated to the loss of terminal benzoic acid and singly coordinated benzene 
dicarboxylic acid from the crystal surface of the MOF, respectively. These groups are most labile, due to 
reduced chelation, and preferentially dissociate into the solvent during Post-Synthesis Exchange (PSE). 
Ti-exchanged samples also exhibit a higher intensity than UiO-66 for the significant broad peak (3000-
3600 cm-1), labelled as ‘O-H stretch’. This is caused by the increased reactivity and exposure of the Ti-
exchanged SBU’s, which due to the random nature of transmetallation, exhibit a range of hydroxylation 
bonding environments (TixZr6-xO6 to TixZr6-xO4(OH)4) after contact with atmospheric moisture.  
 
	  
Figure S7: FTIR Spectra of the native UiO-66 metal organic framework.  
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Figure S8: FTIR Spectra of the Ti-exchanged (1 day) UiO-66 metal organic framework.  	  	  
 
	  
Figure S9: FTIR Spectra of the Ti-exchanged (5 days) UiO-66 metal organic framework.  	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Figure S10: FTIR Spectra of the Ti-exchanged (10 days) UiO-66 metal organic framework.  	  	  
 
	  
Figure S11: FTIR Spectra of the Ti-exchanged (15 days) UiO-66 metal organic framework.  	  
 	    
ESI – Post-synthetic Ti Exchanged UiO-66 Metal-Organic Frameworks that Deliver Exceptional Gas Permeability in 
Mixed Matrix Membranes 	  
	   	   8	  
4. Gel Permeation Chromatography 
 
Gel Permeation Chromatography (GPC) for PIM-1 polymer samples were performed on Waters Alliance 
e2695 liquid chromatograph equipped with a Waters 2414 differential refractometer and 3× mixed C and 
1 mixed E PLgel columns (each 300 mm × 7.5 mm) from Polymer Laboratories. The eluent was 
tetrahydrofuran (THF) at 30 °C (flow rate: 1 mL min−1). Number (Mn) and weight-average (Mw) molar 
masses were evaluated using Waters Empower Pro software. The GPC columns were calibrated with low 
dispersity polystyrene (PSt) standards (Polymer Laboratories) and molar masses are reported as PSt 
equivalents. A third order polynomial was used to fit the log Mp vs time calibration curve, which was 
linear across the molar mass range 2 × 102 to 2 × 106 g mol−1. The modified rapid polycondensation 
synthesis route used in this study generated a polymer with comparable average Molecular weight than 
previous literature, however had a higher number of short chain polymer and oligomer species.S1, S3 
 
Table S1:    Gel Permeation Chromatography of PIM-1 
Ref. Mn Mw MP Mz Mz+1 Polydispersity 
This Study 8166 86917 9446 413217 689678 10.64 
S3 55000 85000 
   
1.55 
Units: weight average molecular weight (Mw); number average molecular weight (Mn); molecular weight polystyrene equivalents 
weight (MP); size average molecular weight (Mz); Polydispersity = (Mw / Mn) 
 
 
5. UiO-66 synthesis 
 
All reagents; Terephthalic acid (98 %, Sigma Aldrich) and zirconium tetrachloride (ZrCl4) (>99.9 %, 
Sigma Aldrich), and solvents; Dimethylformamaide (DMF), Chloroform (CHCl3), and Methanol (MeOH) 
(all HPLC grade, Merck), were used as supplied. 
 
UiO-66 was prepared as previously reported. S4, S6 Equimolar quantities (43 mmol) of zirconium 
tetrachloride with terephthalic acid are reacted in the presence of a large excess of (684 mmol) benzoic 
acid in a dimethylformamide:water (1650:83 mL) solvent. The resulting product was washed sequentially 
with DMF and MeOH before being drying under vacuum at 100 °C. 
 
 
6. Titanium Transmetallation reaction 
 
Titanium tetrachloride tetrahydrofuran, (TiCl4(THF)2) (99 %, Sigma Aldrich) was used as supplied. 
Titanium exchange of the UiO-66’s Zirconium metal centres followed the recently reported method using 
TiCl4(THF)2 in DMF solvent at 85 °C.S4, S5  Equimolar quantities (0.45 mmol) of TiCl4(THF)2 and 
synthesised UiO-66 were suspended in 10 mL DMF and incubated for a range of exchange periods (1, 5, 
10, and 15 days). After cation exchange, TixUiO66 samples were washed in DMF and MeOH, soaked and 
then vacuum dried at 100 °C. The 5-day exchanged UiO-66 closely matched the exchanged ‘UiO-66 (Ti)’ 
prepared under identical conditions from the original study. S5  
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7. PXRD  
 
Powder X-Ray Diffraction (PXRD) measurements were completed on a Bruker D8 Advance X-ray 
Diffractometer, using Cu K-alpha radiation (40kV, 40mA) equipped with a LynxEye silicon strip detector.  
Samples were scanned over the 2θ range 5° to 85° with a step size of 0.02° 2θ and a count time of 0.4 
seconds per step.  
	  
Figure S12: Powder X-Ray Diffraction patterns for the prepared native UiO-66 and TixUiO-66. Patterns 
are stacked for comparison. Inset shows peak broadening with Ti substitution.  
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8. Isotherm Adsorption curves 
 
Adsorption Isotherms for carbon dioxide (273 K, 298 K) and nitrogen (77 K, 273 K) of the prepared 
Titanium exchanged and native UiO-66 were measured using an ASAP 2420. Metal Organic Framework 
samples were activated at 120 °C under vacuum overnight prior to analysis. Langmuir and BET surface 
areas were calculated from nitrogen isotherms at 77 K. 
 
Figure S13: Nitrogen isotherm adsorption plot of UiO-66 and TixUiO-66 at 77 K 
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Figure S14: Nitrogen isotherm adsorption plot of UiO-66 and TixUiO-66 at 273 K 
 
 
Figure S15: Carbon dioxide isotherm adsorption plot of UiO-66 and TixUiO-66 at 273 K 
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Figure S16: Carbon dioxide isotherm adsorption plot of UiO-66 and TixUiO-66 at 298 K 
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9. Membrane Preparation 
 
Membranes were cast from ~0.2 g/mL chloroform solutions in 75 mm diameter PTFE dishes, covered in 
perforated aluminium foil, and vacuum dried (353 K) overnight before use. Single gas (N2, H2, CH4, and 
CO2) permeation measurements were undertaken in duplicate on the day following casting to maintain a 
consistent processing history.S7   	  
10.  Permeability data table 	  
Table S2:    Single Gas Permeability of PIM-1 TixUiO-66 Membranes 
 Membrane Loading, wt. % Permeability, Barrer 
  
H2 N2 CH4 CO2 
PIM-1 0.0 2430 180 240 3620 
PIM-1  
UiO-66 
 
2.5 2760 200 300 4980 
4.6 3590 250 310 5340 
10.7 1690 230 360 5150 
20.3 1660 190 330 4180 
PIM-1 
Ti1UiO-66 
 
2.4 2950 310 460 6820 
4.8 4370 430 660 10350 
10.0 3990 360 570 8180 
13.8 2120 230 350 4510 
 
PIM-1 
Ti5UiO-66 
2.6 4420 430 880 7360 
5.0 5280 660 1220 13540 
10.0 3420 260 360 6400 
13.3 2810 160 230 3900 
 
PIM-1 
Ti10UiO-66 
2.6 3920 410 580 8660 
5.1 3330 380 630 7890 
10.1 3900 310 480 6910 
13.3 8380 1050 1390 14740 
 
PIM-1  
Ti15 UiO-66 
  
2.4 5290 520 700 10810 
5.1 3510 300 490 7090 
9.7 3300 460 600 7480 
13.9 1680 100 260 3070 
Units: Barrer = 10-10 (cm3 STP) cm cm-2 s-1 cmHg-1 	  	  	  	  	  
11.  Ideal Selectivity  
Table S3:    CO2/N2 Ideal Selectivity of PIM-1 TixUiO-66 Membranes 
Loading UiO-66 Ti1 UiO-66 Ti5 UiO-66 Ti10 UiO-66 Ti15 UiO-66 
2.5 wt. % 24.8 22.3 17.1 21.1 20.9 
5 wt. % 21.3 24.1 20.5 20.8 23.3 
10 wt. % 22.1 22.7 24.7 22.1 16.4 
14 wt. % - 20.0 23.9 14.0 29.8 
20 wt. % 21.8 - - - - 
Ideal selectivity calculated as ratio of permeabilities from Single Gas permeability experiments (α = Pa/Pb).  
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12.  Differential Scanning Calorimetry  
 
DSC measurements were made using a Mettler Toledo Differential Scanning Calorimeter. Samples were 
encapsulated in aluminium pans and heated from 25 °C to 500 °C at 10 °C/min.  
 
 
	  
Figure S17: Comparison of Ti5UiO-66 membranes against MOF loading DSC plots. Arrows highlight 
observed changes in peak decomposition temperature and endothermic peak area (Figures S18, S19).  
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a. Peak	  Decomposition	  Temperature	  
 
Figure S18: Peak decomposition Temperature of native UiO-66 and TixUiO-66 PIM-1 membranes in 
DSC measurements. The sample denoted as 0 wt. % represents a pristine PIM-1 membrane. 
b. Endothermic	  Peak	  area	  (solvent	  removal)	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Figure S19: Area of the main endothermic peak of native UiO-66 and TixUiO-66 membranes in DSC 
measurements. 
13. Pycnometry  
 
Pycnometry measurements were made using an AccuPyc Pycnometer (He) to determine the relative 
density, and by extension, free volume present in the prepared TixUiO-66 PIM-1 membranes.  
 
	  
Figure S20: Measured Density of the prepared native UiO-66 (5 wt. %) and TixUiO-66 (5 wt. %) 
membranes using Helium Pycnometry.  	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14.  SEM  
 
A Philips XL30 Field Emission Scanning Electron Microscope (FESEM) with an accelerating voltage of 
5kV was used for imaging the cross sectional surface of membrane samples (Figure S21-25). Cross-
section surfaces were prepared by fracturing membranes in liquid nitrogen and mounting to SEM stubs 
using carbon tape, before sputter coating with platinum.   
 
	  
Figure S21: Cross Section SEM image of pristine PIM-1 Membrane  
 
	  
Figure S22: Cross Section SEM image of Ti5UiO-66 PIM-1 Membrane (2.5 wt. %) 
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Figure S23: Cross Section SEM image of Ti5UiO-66 PIM-1 Membrane (5 wt. %) 
 
	  
Figure S24: Cross Section SEM image of Ti5UiO-66 PIM-1 Membrane (10 wt. %)  	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Figure S25: Cross Section SEM image of Ti5UiO-66 PIM-1 Membrane (13 wt. %) 	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15.  Solubility curves  
 
Membrane solubility coefficients were calculated from High-pressure Sorption (Setaram PCT Pro) 
measurements. Dual-mode sorption parameters were calculated by curve fitting to equation 1, as 
reported.S7  
S = C / P = kD + c’Hb  / 1+bP     (1) 	  S	  =	  Solubility	  Coefficient	  	  C	  =	  Concentration	  P	  =	  Pressure	  	  
Table S4:    Dual Mode Sorption Parameters of PIM-1 TixUiO-66 Membranes 
	  
kD c'H b S∞ = kD + c’Hb 
PIM-1 2.4 105 0.6 65.4 
PIM-1 UiO-66 5 wt. % 1.909 86.867 0.388 35.62 
PIM-1 Ti5UiO-66 5 wt. % 2.35 98.97 0.43 45.22 
Units: Henry Law (kD), Langmuir Capacity (c’H), Langmuir Affinity (b), and Solubility coefficient at infinite dilution (S
∞
) are 
cm3(STP)/cm3polymer.atm, cm3(STP)/cm3polymer, atm-1, and cm3(STP)/cm3polymer.atm, respectively. 
 
16. Aging data 	  
Table S5:    Permeability of aged PIM-1 TixUiO-66 Membranes 
 Aging,  Gas Permeability, Barrer Ideal Selectivity 
 Days H2 N2 CH4 CO2 CO2/N2 CO2/H2 CO2/CH4 
PIM-1 0 2930 290 410 5980 20.4 2.0 14.6 
 9 2270 170 220 3820 22.7 1.7 17.4 
 16 2110 120 130 2850 24.2 1.4 21.9 
 24 1620 80 - - - - - 
         
PIM-1  
Ti5 UiO-66 5 wt. % 0 4880 610 1130 12520 20.5 2.6 11.1 
 7 - - - 11190 - - - 
 14 4150 490 740 9420 19.4 2.3 12.8 
 23 3400 320 480 6600 20.5 1.9 13.8 
 35 3110 250 350 5460 21.8 1.8 15.5 
 63 2350 150 200 3630 24.9 1.5 18.5 
Units: Barrer = 10-10 (cm3 STP) cm cm-2 s-1 cmHg-1. Ideal selectivity calculated as ratio of Single Gas permeabilities  	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17.  Viscosity  
Viscosity measurements were made using a SCHOTT AV350 Viscometer (standard ASTM D445) using a 52610/I 
U-tube calibrated with a de-ionised water standard at 20°C. Samples were prepared as ~0.2g/mL PIM-1 membrane 
solutions, with TixUiO-66 loading of 5 wt. %, equivalent to the highest performing membranes reported.  Results 
are averaged from 10 duplicates, excluding outliers exceeding two standard deviations. Fresh samples are prepared 
without agitation, while Aged samples are stirred for 24hrs prior to testing to maximize polymer-MOF interaction.   
 
Table S6:    Viscosity measurements of PIM-1/TixUiO-66 (5 wt. %) casting solutions 
Sample  Fresh Aged 
 
centiPoise, cP +/- centiPoise, cP +/- 
CHCl3 0.412 0.001 0.419 0.003 
CHCl3 UiO-66,  0.405 0.003 0.419 0.004 
CHCl3 Ti 5 UiO-66,  0.411 0.001 0.417 0.001 
CHCl3 Ti 15 UiO-66,  0.412 0.001 0.410 0.001 
CHCl3 PIM-1  0.536 0.003 0.545 0.004 
CHCl3 PIM-1 UiO-66 0.542 0.009 0.534 0.003 
CHCl3 PIM-1 Ti 5 UiO-66 0.539 0.006 0.533 0.003 
CHCl3 PIM-1 Ti 15 UiO-66 0.542 0.006 0.528 0.002 
Units: centipoise, cP  = 10-3 Pa.S ; DI water standard (20°C) = 1.0020 cP. Error reported as one standard deviation of final data.   
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